This study investigates the economic validity of the diffusion of fuel cell vehicles (FCVs) and allelectric vehicles (EVs), employing a cost-benefit analysis from the social point of view. This research assumes the amount of NOx and tank-to-wheel CO2 emissions and gasoline use reduction as the benefits and the purchase costs, infrastructure expenses, and maintenance costs of alternative vehicles as the costs of switching internal combustion engine (ICE) vehicles to alternative energy vehicles. In addition, this study conducts a sensitivity analysis considering cost reductions in FCV and EV production and increasing costs for CO2 abatement as well as increasing gasoline prices. In summary, the results show that the diffusion of FCVs is not economically beneficial until 2110, even if the FCV purchase cost decreases to that of an ICE vehicle. EV diffusion might be beneficial by 2060 depending on increases in gasoline prices and CO2 abatement costs.
Introduction
Climate change is one of the most serious challenges of the 21st century. To avoid dangerous climate change, a variety of greenhouse gas (GHG) mitigation actions must be taken in all sectors of the global energy system. The International Energy Agency (IEA) indicated that the road transport sector accounted for approximately 17% of energy-related CO2 emissions in 2007 and is likely to have a higher share in the future unless strong action is taken (IEA, 2009) . Furthermore, if a 50% decrease in 2005 energy-related CO2 emissions is to be achieved by 2050, the transport sector will be required to make a significant contribution. However, we should acknowledge that transport's large economic role and its significant influence on daily life will make the required rapid changes more difficult to achieve (IEA, 2000 (IEA, , 2008 .
It is therefore critically important to develop a long-term, cost-effective strategy for reducing CO2 emissions from the transport sector. In the past, the Japanese government implemented a number of environmental policies to move from gasoline-fueled to more efficient vehicles, such as hybrid and plug-in hybrid vehicles. As a result, the number of these alternative, efficient vehicles is increasing.
In addition, the Japanese government currently claims that 2 million all-electric vehicles (EVs) and 5 million hydrogen fuel cell vehicles (FCVs) will be on the road in Japan before 2020 (METI, 2001, Ministry of the Environment, 2009). These two types of alternative vehicles do not have tailpipe in Japan is justified from a socially economic perspective employing cost-benefit analysis, and, if so, under what conditions. This paper first present an overview of earlier studies regarding EVs and FCVs diffusions.
The following section outlines the structure of the cost-benefit and sensitivity analyses and the key assumptions in our scenarios 4 . The results of the scenarios are discussed in Section 4. Lastly, we conclude this study in Section 5.
Previous contributions
There is large body of literature calculating social net benefits costs (Hahn, 1995; Kazimi, 1997a, b; Funk and Rabl, 1999; Lave and MacLean, 2002; Managi, 2012; Massiani and Radeke, 2013; Somanathan et al., 2014) . For example, Hahn (1995) discussed the cost-effectiveness of several measures to improve environmental quality in the transport sector. This results show that improved fuel qualities and tighter air pollution standards are more cost-efficient than an introduction of batterydriven electric cars. Kazimi (1997a, b) estimated the environmental benefits of introducing EVs in U.S. by using a micro-simulation model and his results show that large price reduction of alternativefuel vehicles would not be socially beneficial. Massiani and Radeke (2013) also assess the EV policies considering the various technological, behavioral and economical mechanisms that govern the 4 The data used in this paper are represented in the Appendix.
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possible diffusion of EV in Germany by using a simulation tool. This study conclude that most of EV supporting policies have a negative outcome.
Although most of them find negative social benefits, Paolo (2007) noted that much more analysis examining the comprehensive components that affect the diffusion of alternative vehicles is needed. Therefore this study conducts a sensitivity analysis considering three components related to the benefit and cost for FCV and EV diffusion. First component is cost reduction in FCV and EV production. Second component is increasing CO2 abatement costs. Last component is increasing gasoline prices.
Regarding the infrastructure setting, this paper use the data obtained from national reports on the two alternative vehicle types and interviews with car manufactures in Japan (New Energy and Industrial Technology Development Organization; NEDO, 2007) . As well as the earlier studies, this studies determine the hydrogen or electric demand after assuming the number of FCVs or EVs on the road, the distance travelled and the vehicles' fuel efficiency (McKinsey, 2010 , Jonathan et al., 2011 .
By examining alternative vehicle diffusion, this study contributes to environmental research, development and the definition of adequate transport policies.
Method

3-1. Cost-benefit analysis
This paper employs a Cost-Benefit Analysis (CBA) to evaluate the validity of FCV and EV diffusion from the social point of view. CBA is useful for determining the benefits of a project from an economic standpoint. In our study, the differences between net present value between benefit and cost is used as a welfare measures. In addition, this study conducts a sensitivity analysis considering cost reduction in FCV and EV production and increasing CO2 abatement costs and gasoline prices.
3-1-1. Benefits
The reductions in NOx and CO2 emissions and reduced gasoline use are considered as benefits that result from replacing ICE vehicles with alternative vehicles. For comparing CO2 emissions from each type of vehicle, well-to-wheel (WTW) analysis should be used. 5 However, WTW analysis requires the total amount of CO2 emissions in each step of the fuel and electricity production pathways. In our analysis, considering all the necessary information appears difficult owing to data unavailability. Thus, our research employs tank-to-wheel CO2 emissions in order to simplify our scenarios. 
the price of gasoline per liter. Therefore, the benefit Bt,m is represented as the sum of each ER multiplied by the reducing cost for each material p (i.e., CO2, NOx and gasoline).
The amount of reduction of each pollutant p and each type of vehicle m in year t is determined in Eq. (2):
The number of alternative vehicles (AV) indicates the number of ICE vehicles replaced by alternative vehicles from 2011 until t, i.e., the number of alternative vehicles used in year t. Therefore, the total benefit (TB) is calculated by the sum of these components, i.e., reduced CO2 and NOx emissions and gasoline use. The discounted present value of the benefit is then calculated and evaluated at 2011 prices. TB of type m alternative vehicle is defined as follows:
In Eq.(3), T shows the target year for the diffusion of 5 million alternative vehicles, and i
indicates a discount rate of 4%. The reason that 5 million is the diffusion target is explained in key assumption section. 7
3-1-2. Cost
The 
Therefore, the total cost (TC) is calculated based on the sum of each cost and is discounted to arrive at a present cost evaluated at 2011 prices. The TC of alternative vehicle type m is defined as follows:
From Eq. (3) and Eq.(6), the net present value (NPV) can be estimated as follows:
3-1-3. Key Assumptions
This study assumes that the total cost, i.e., TC in Eq.(6), is the sum of the differences between the purchase and operating costs for alternative vehicles versus those for ICE vehicles and the construction and operating costs of the needed infrastructure. On the other hand, the total benefit, i.e., In the FCV distribution scenario, we assume that hydrogen is made in a hydrogen purification plant (HPP) where hydrogen is made by the electrolysis of water using the electricity generated by a nuclear plant. Nuclear-generated electricity does not pollute the atmosphere with greenhouse gas emissions as does a thermal electric power plant. Renewable energy-generated electricity, such as wind or solar power, cannot generate sufficient electricity to provide the amount of hydrogen needed to refuel FCVs. The hydrogen produced in HPPs is transported by hydrogen transport truck from the HPP to a hydrogen refueling station (HST) where users can refuel their FCVs. The number of trucks is calculated using the number of HSTs and the distance from the nearest HPP.
9
The FCVs are assumed to be distributed in each prefecture according to the number of gas stations in each prefecture and the number of HSTs. The capacity of the HPPs is determined by the demand for hydrogen in the last usable year of the HPP, i.e., if the number of usable years is t, the capacity is defined based on the hydrogen demand after t-1 years.
In the case of EVs, the driver can recharge the battery at a recharging station (RST) using a fast charger. 6 The number of fast chargers is one per charging station. The number of fast chargers needed is estimated by calculating the battery recharging time, mileage per charge, annual vehicle mileage, and number of distributed EVs in each year. We assume that the annual mileage of alternative vehicles is the same as that for ICE vehicles based on interview results 7 . The ICE infrastructure cost is not included in the cost calculations because this study assumes the additional cost from switching to an alternative vehicle from an ICE vehicle as the infrastructure cost.
3-2. Sensitivity analysis 3-2-1. Sensitivity to technology
In this study, three sensitivity factors are considered. The first factor is technological progress. We consider the reduced costs for EV batteries and FCV production using the exogenous technical progress ratio by learning curve. The learning curve (or experimental curve) is a model that describes the human activity of accumulating knowledge or experience by cumulative production and is typically adapted to industrial production processes. The typical learning curve is described as follows:
where Xi is the cumulative number of products at ith production, Yi is the product cost at ith production, and A is constant 8 .
Because the number r in the exponent is difficult to understand, a simpler expression is introduced as a progress ratio: (F=2−r). F shows how the production cost could be reduced each time cumulative production is doubled. F=90% implies that the cost is reduced to 90% each time the cumulative production volume is doubled. Development of FCVs and EVs is needed to apply advanced technology as well as to adapt existing ICE technology. Therefore this paper applied the progress ratio exogenously to calculate the production costs for FCV and EV batteries in order to consider the cost reductions attributable to the cumulative production 9 . In our research, the EV and FCV purchase costs are assumed to be twice the production costs. The number of cumulative production of FCV (ten thousand vehicle)
Lower progress scenairo Realistic progress scenario Higher progress scenario
The progress ratios in the Lower, Realistic, and Higher progress scenarios are 0.96, 0.94 and 0.90, respectively. That is, in the Lower progress scenario, the FCV purchase price decreases 4% when the production doubles.
Fig. 2 EV purchase price considering progress ratios
The Lower, Realistic, and Higher progress ratios are 0.98, 0.96 and 0.92, respectively.
3-2-2. Sensitivity to the marginal cost of CO2 abatement
The second sensitivity analysis focused on the marginal cost of CO2 abatement. There is no certainty about future CO2 prices. Therefore, we assume three CO2 price scenarios for simplicity (see The number of cumulative production of EV (ten thousand vehicle)
Lower progress scenairo Realistic progress scenario Higher progress scenario 13 CO2 abatement. The price of an EUA in 2010 was approximately twenty dollars per ton of CO2 (Talberg and Swoboda, 2013) . The second scenario is Optimistic, and the third is Pessimistic. In the Optimistic scenario, the cost of CO2 abatement increases approximately linearly (see Cline, 2004) .
The Pessimistic scenario assumes that the cost of CO2 abatement increases exponentially (see Manne, 2004 ). 
3-2-3. Sensitivity to gasoline prices
The third sensitivity factor is gasoline prices. In our model, gasoline price is an important factor 10 .
Similar to the CO2 abatement price, we do not model the gasoline price using past data. Instead, the gasoline price trends are the same than in the three oil price scenarios provided by the IEA(2010). These gasoline prices are assumed as their real value after tax in Japan. The three scenarios are displayed in Fig. 4 . The first is the 450ppm scenario, which sets an energy pathway that is consistent with the goal of limiting the increase in average temperature to 2 degrees. This scenario shows the first price remaining steady at 1.35 dollars per liter. Note that this is the gasoline price scenario and it is independent from the carbon price scenario. The second scenario is the Current policy scenario. Current policy takes into consideration only those policies that had been formally 10 Regarding diesel prices, the number of passengers using diesel vehicles was approximately 1.05 million in Japan, and their proportion of total passenger vehicles was only 1.8% in 2010. Thus, this paper did not consider diesel prices in this research. gasoline price scenarios. Based on the CO2 abatement cost scenario, the Pessimistic scenario has the highest NPV and the Optimistic scenario has the second highest. In the case of the gasoline price scenario, the Current policy scenario NPV is the highest, and the second highest is the New policy scenario. The results for each FCV cost and benefit are displayed in Tables A-5 and A-6 in the Appendix.
Results and discussion
4-1-2 Sensitivity analysis:
12 Because the CO2 abatement cost does not influence the cost factors in the applied methodology, this figure does not describe the CO2 abatement cost scenarios.
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The Lower progress ratio is approximately 50% for the Short target and 40% for the Middle and Long targets in the Higher progress scenario. Fig. 6 shows the proportion of the benefit components of FCV diffusion in the 450ppm and Current policy gasoline price scenarios. In the Constant CO2 abatement cost scenario under the 450ppm scenario, the proportions of CO2 emission and gasoline use reduction are approximately 2.2%
and 97.5% in the Long and Short targets. In the Current policy scenario, the proportion of these components is approximately 1.8% and 98% in both the Long and Short target cases. Therefore, the contributions to the benefits of each of these two components do not differ greatly between the two gasoline price scenarios. In contrast, in the Pessimistic scenario under the 450ppm scenario for the Long target case, the proportion of CO2 emission reduction increases to 52% and gasoline use reduction decreases to 48%. Therefore the CO2 emission reduction cost is the more important components for FCV diffusion, especially in the long term. Lastly, the amount of the benefit of NOx reduction effect is under 1% in all of the benefit components under all scenarios.
From these results, the diffusion of FCVs require a technological breakthrough in production because of the high production costs. Therefore, government support for R&D and fundamental research to reduce the costs of the main FCV parts are essential. 
4-2. EV diffusion scenario
4-2-1.A positive Cost Benefit Analysis outcome in the Long target.
Tables 3 shows the NPV results for the 5 million EV vehicle diffusion scenarios 13 . In the EV diffusion scenarios, we find economic benefits, especially for the Long target. For the Short target, EV diffusion would be difficult under all scenarios. In the case of the Middle target, diffusion may be possible if both the gasoline price and CO2 abatement cost increase and the purchase cost of an EV decreases to that of an ICE vehicle. For the Long target, if the gasoline price and CO2 abatement cost increase, EV diffusion would be economically beneficial even if the EV purchase cost is higher than the target price of the automobile maker we interviewed. Fig. 7 shows the proportions of the cost components. The EV purchase cost share is the highest proportion in all scenarios and is 71.7% on average of total costs. In addition, there is little change in this share among scenarios; for example, 76.9% and 68.6% are the highest and lowest shares, respectively. The contribution to the total cost of ICE vehicle production is higher in the Lower progress compared with the Higher progress scenario, approximately 17% and 5% on average, respectively. The proportions of the EV charging station are approximately 0.4% and 0.8% in the Lower and Higher progress scenarios. Gasoline refueling cost accounts for 15.2% on average in all 13 The results for EV cost and benefit are displayed in Tables A-7 and A-8 in the Appendix. scenarios, 7.5 times more than the EV recharging cost on average. According to these results, EV purchase cost reduction has the most significant effect on EV diffusion. and Current policy scenarios, respectively. The proportions of CO2 emission reduction are 55.5% and 43%, respectively. Therefore the effect of CO2 emission reduction on NPV is significantly higher in the case of a CO2 abatement cost increase. In addition, compared with the FCV case, the effect of a CO2 emission reduction is higher than that of a gasoline use reduction because the amount of an EV's CO2 emission in annual mileage is relatively lower than that for an FCV, i.e., 559 kg-CO2 per year for an FCV and 425 kg-CO2 per year for an EV. As in the FCV case, the amount of the benefit of NOx 20 reduction is under 1% in all of the benefit components under all scenarios. Fig. 7 The proportion of cost components for the EV diffusion scenarios Fig. 8 The proportion of benefit components for EV diffusion scenarios 
4-2-2 Sensitivity analysis:
Conclusion and future work
The futures of both the automobile and the transportation system are of significant interest to a large audience. In this study, we investigate the economic benefits for FCV and EV diffusion by employing cost-benefit analysis from the social point of view. We obtained the data on two alternative fuel vehicles from an interview with an automobile maker in Japan. Considering uncertainties, we applied a sensitivity analysis to the NPV. These scenarios consist of the following: progress in the speed of alternative vehicle production, increased CO2 abatement costs, gasoline price increases, and the target year for the alternative vehicle diffusion.
In summary, the results show that FCV diffusion is not economically beneficial in either the short or the long term, even if the FCV purchase cost decreases to that of ICE vehicle. In contrast, EV diffusion might be beneficial as soon as 2060, considering the increase in gasoline prices. The major obstacle to the widespread use of FCV is their high purchase (or production) costs. Therefore, innovation is needed to produce a significant cost reduction in FCV production. In addition, the government must promote the development of such fundamental technological progression. As in FCVs, the electric battery is one of the major obstacles to EV diffusion. Major technological progress is required to reduce the production costs and improve EV performance.
Finally, we consider the limitations of our study. First, this research is based on tank-towheel rather than well-to-wheel analysis. All of the CO2 emissions considered in this research are the 22 emissions associated with electricity generation for EVs and hydrogen production for FCVs in addition to fuel consumption for ICE vehicles. However, the fuel production process and its transportation for generating electricity, infrastructure construction and many other steps also emit CO2. Therefore, in future work, well-to-wheel CO2 emissions rather than tank-to-wheel should be examined in order to evaluate alternative vehicle options more comprehensively. The NPV of EVs and FCVs might decrease if the proportion of electricity generated by coal-fired or oil-fired plant increases. However, increasing the proportion of electricity generated by renewable energy such as wind, solar, and geothermal power might improve the NPV of EV and FCV. In Japan, huge losses in nuclear power capacity and increasing awareness of nuclear safety after the large earthquake have begun to cause changes in the power system structure and energy policy. Thus, WTW analysis could have useful implications for policy making.
Second, this research set strong assumptions, such as the assumption that the characteristics of all passengers are homogeneous and constant and there is no rebound effect of fuel efficiency changes. Needless to say, these are unrealistic assumptions. Additionally, the interaction between marginal CO2 abatement cost and oil price should have been considered in our model, and other externalities associated with vehicle use such as PM2.5 and/or sound pollution should have been included in the benefit components. The first row indicates sensitivity to gasoline price, and it increases in order from the Current policy (i.e., high oil price) to the New policy (i.e., moderate oil price) and the 450ppm (low oil price) scenarios. The second row displays the sensitivity to the marginal cost of CO2 abatement, and it increases in order from the Pessimistic (i.e., high carbon price) to the Optimistic (i.e., moderate carbon price) and the Constant (i.e., low carbon price) scenarios. The first row indicates sensitivity to gasoline price, and it increases in order from the Current policy (i.e., high oil price) the New policy (i.e., moderate oil price), and the 450ppm (low oil price) scenarios. The second row displays the sensitivity to the marginal cost of CO2 abatement, and it increases in order from the Pessimistic (i.e., high carbon price) to the Optimistic (i.e., moderate carbon price) and the Constant (i.e., low carbon price) scenarios. The shaded numbers indicate that the benefit is greater than the cost.
A-1) Data
The specifications for FCV, EV, and ICE vehicles and EV recharging stations were obtained from interviews with one of the largest automobile manufacturing companies in Japan. These data are described in These data were obtained from NEDO (2007) . NEDO (2007) describes the three types of HSTs, 100 m 3 /h, 300 m 3 /h, and 500 m 3 /h. In this study, we consider the comprehensive diffusion of FCV in Japan.
Therefore, it is better to locate HSTs in many areas, and thus, we chose the 100 m 3 /h type of HST.
6 Table A Table A -2, these data were obtained from NEDO (2007) . The speed per kilometer is 20 km/hr for hydrogen transported to an area where there is a nuclear plant, i.e., where there is an HPP; it is 60 km/hr when hydrogen is transported to an area where there is no nuclear plant. 
